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Background. The denudation of the peritoneal mesothelium
and damage to the underlying interstitium is a frequent finding in
patients receiving continuous ambulatory peritoneal dialysis as a
treatment for end-stage renal failure. The response of the me-
sothelium to injury from repeated episodes of infection or from
exposure to dialysis fluids has not been extensively studied. The
present study describes a simple and reproducible method with
which to investigate the response of human mesothelial cells to
injury.
Methods. The model of peritoneal injury consists of mechani-
cally wounding a monolayer of human peritoneal mesothelial cells
with a glass probe and following the repopulation of the denuded
area by time-lapse photomicroscopy. In addition immunohisto-
chemistry was used to follow the response of marker proteins for
stress fibers and focal adhesions as well as macromolecules
associated with the extracellular matrix.
Results. Under serum-free conditions the wound (0.58 6 0.094
mm; mean 6 SD; N 5 20) closed within 72 6 5 hours (N 5 8). This
rate of healing was enhanced by fetal calf serum, by human serum
(10%) and by undiluted spent non-infected dialysate. The repair
process over the first 48 hours was the result of cell migration, was
independent of cell proliferation and involved the de novo syn-
thesis of several different extracellular matrix components. An
early event in the healing process was the rapid reorganization of
intracellular stress fibers together with the formation of associated
focal adhesions in cells at the wound edge.
Conclusion. This in vitro model should prove invaluable in
characterizing the process of wound healing within the peritoneal
cavity, thus allowing a better understanding of the response to
infection as well as any effect of dialysis fluids in this pattern of
cell behavior.
The peritoneal membrane has a complex ultrastructure
and is composed of a mesothelial cell monolayer, a distinct
but discontinuous basement membrane and an interstitial
matrix containing capillary networks [1]. Recent studies
from our and other laboratories have focused on the
mesothelial cell and its role in the peritoneal response to
infection as well as its importance in maintaining peritoneal
homeostasis [2–9]. In addition, studies focusing on the
effects of dialysis fluids on mesothelial cells have high-
lighted defects in the biocompatibility of these fluids and
the susceptibility of the mesothelial monolayer to injury
[10–13]. The introduction of a reliable and reproducible
method to study human peritoneal mesothelial cells
(HPMC) in vitro has provided some evidence that these
cells respond directly to biological and chemical insults by
the synthesis and secretion of biologically active molecules
including IL-1, IL-6 and IL-8 [2, 3, 14, 15], and the
vasoactive prostaglandins PGE2 and PGI2 [16]. Recent
findings also suggest that these cells may respond to injury
by the synthesis of significantly increased amounts of
proteoglycans and hyaluronan [8, 9, 17, 18].
It has also been shown that following periods of infection
areas of the mesothelial surface become denuded of cells
[19]. The mechanisms by which peritoneal mesothelial cells
respond to such injury are poorly understood and there is
considerable debate as to the origin of the cells that
colonize the exposed surface of the peritoneum. In addi-
tion, the factors that control repopulation of the peritoneal
surface are unknown.
Mechanical injury of cultured cells has served as a useful
in vitro system for studying the response of a number of
different cell types to injury [20–26]. To gain some insight
into the response of the mesothelium to injury we have
developed a model system for studying the response of
confluent HPMC after mechanical wounding. Our results
demonstrate that the reorganization of the cytoskeleton
and cell migration are early responses, and that this is
accompanied by the synthesis of major components of the
mesothelial basement membrane.
METHODS
All chemicals, unless otherwise stated, were obtained
from Sigma-Aldrich Ltd Chemical Company (Poole, UK).
Tissue culture plastics were purchased from Becton Dick-
inson (UK) Ltd.
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Isolation and culture of human peritoneal mesothelial cells
Human peritoneal mesothelial cells (HPMC) were iso-
lated by enzymatic disaggregation of omentum obtained
with consent from non-uremic patients undergoing abdom-
inal surgery. Cells were isolated and cultured essentially as
reported by us previously [8, 16]. The cells were maintained
and propagated in Medium 199 (Life Technologies Ltd,
Paisley, Scotland, UK) containing 10% fetal calf serum
(FCS; Life Technologies Ltd) and supplemented with
penicillin 100 U/ml, streptomycin 100 mg/ml, glutamine 2
mM, insulin 5 mg/ml, transferrin 5 mg/ml, and hydrocorti-
sone 0.4 mg/ml. Confluent cells were split at a ratio of 1:3
and all experiments performed with cells of the second
passage.
Wounding experiments
Cells were grown to confluence in 35 mm dishes (Becton
Dickinson UK Ltd), and growth arrested by incubating
them for 72 hours in serum free Medium 199. Under these
conditions the cells remained viable in a nonproliferating
state. The quiescent monolayer was injured by scraping
with a sterile glass rod. The monolayer was washed twice
with PBS and then incubated with serum free Medium-199
alone or Medium 199 containing varying concentrations of
FCS, decomplemented human serum (HS) or pooled non-
infected peritoneal dialysate prepared from overnight dwell
samples from six different patients. Control cells were
treated in an identical manner but without injury.
Time-lapsed cinemicrography
The closure of the denuded area (that is, wound) was
monitored using an Axiovert 135 inverted microscope fitted
with an M heating stage and incubator (Zeiss, Oberkochen,
Germany). With this arrangement the cultures were main-
tained in a 5% CO2 humidified atmosphere at 37°C for the
duration of the experiment. A video camera (C5985;
Hamamatsu Inc, Japan) was attached to the microscope
and images of the wounded area captured as a digitalised
sequence every 15 minutes using image analysis (Biovision,
Improvision, Coventry, UK). The rate of motility of the
cells (mm/hr) entering the wound was calculated for each
hour after injury from six separate points along the original
margin of the wound. Each experiment was repeated three
times using cell lines established from omentum obtained
from different patients.
Immunocytochemical staining for stress fibers, focal
adhesions and extracellular matrix components
For immunocytochemical studies, the cells were plated on
glass coverslips (Fisher Scientific, Loughborough, UK) placed
in 24-flat bottomed well tissue culture plates (Becton Dickin-
son UK Ltd), grown to confluence and then growth arrested
for 72 hours. The monolayers were injured as described
above, the cells washed with PBS and the cultures continued
in either serum-free Medium 199 or Medium 199 containing
10% FCS. At five minutes, 30 minutes, one hour, three hours,
and every three hours thereafter, the cells were fixed with
either freshly prepared 3.5% paraformaldehyde in PBS
(detection of focal adhesion and stress fibers) or cold acetone:
methanol (1:1 by volume; localization of fibronectin, laminin,
perlecan and collagens) for five minutes at room temperature.
Autofluorescence of any aldehyde groups present was
quenched with 0.1 M ammonium chloride for 10 minutes at
room temperature. The cells were then washed three times
with PBS. Each cover slip was then incubated in primary
antisera or the appropriate non-immune serum. The following
primary antibodies (diluted in PBS) were incubated for
one hour at 37°C; vinculin (1:50; Sigma-Aldrich Ltd), paxillin
(1:50; Zymed, San Francisco, CA, USA), a-actinin (1:100;
Sigma-Aldrich Ltd), collagen type III (1:50, Southern Bio-
Technology, Birmingham, AL, USA), collagen type I
(1:500; Sigma-Aldrich Ltd) collagen type IV (1:50; kindly
provided by Dr. John Couchman, University of Alabama at
Birmingham, USA), collagen V (I:50; Southern Biotechnolo-
gy), laminin (1:50; Dr. John Couchman), fibronectin (1:50;
Dr. John Couchman), and perlecan (1:100; Dr. John Hassall,
Shriner’s Hospital, Tampa, FL, USA). After washing with
PBS, secondary antibodies (conjugated with FITC) were
applied for one hour at 37°C in a darkened humidified
chamber. Controls included omitting the primary antibody
and substituting the primary antibody with an irrelevant
antibody of the same Ig class. Finally, the preparations were
washed thoroughly with PBS, mounted in Vectashield (Vector
Laboratories, Peterborough, UK) and immunofluorescence
viewed with an Axiovert 135 microscope and photographed
on Ilford HP-5 film. F-actin was also visualized with fluores-
cein-labeled phalloidin (Sigma-Aldrich Ltd) [27].
Identification of proliferation using bromodeoxyuridine
incorporation into cells
A modification of the immunocytochemical method de-
scribed by Magaud et al [28] was used to evaluate prolifer-
ation. Cells were wounded as described above, cultured in
bromodeoxyuridine (BrdU) at a final concentration of 1025
M and at different time intervals were fixed in acetone:
methanol (1:1) for 90 seconds. The incorporation of BrdU
into the DNA of cells entering the S-phase of the cell cycle
was then assessed. Following fixation, cells were washed
with Tris-buffered saline, pH 7.6 (TBS) for five minutes,
incubated with 95% (vol/vol) formamide in 0.15 M triso-
dium citrate for 45 minutes at 70°C to denature double
stranded DNA and washed with TBS. The cells were then
blocked by incubating with bovine serum albumin (1% in
TBS) for 30 minutes at 37°C, after which time the coverslips
were transferred to a humidified chamber. Anti-BrdU
(diluted 1:1000 in TBS; Sigma-Aldrich Ltd) was added, the
cells further incubated for 30 minutes at room temperature,
washed again in TBS for five minutes and then incubated
with anti-mouse immunoglobulins (DAKO Ltd, Ely, UK;
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diluted 1:25) for 30 minutes at room temperature in a
humidified chamber. Cells were washed in TBS, incubated
with alkaline phosphatase-anti-alkaline phosphatase com-
plex for 30 minutes and re-washed with TBS for five
minutes. The incorporation of BrdU into the nuclei of
HPMC was monitored by staining with FAST RED for 20
minutes according to the manufacturer’s instructions. The
cells were then rinsed gently with water, mounted in
aqueous mounting medium (Glycergel; DAKO Ltd) and
viewed by light microscopy.
Fig. 1. Response of human peritoneal mesothelial cells to injury. Phase contrast microscopy of a typical experiment over a 72 hour time period of cell
cultured in serum-free medium. Bar 5 100 mm.
Fig. 2. Phase contrast microscopy of human peritoneal mesothelial cells migrating into the denuded area of the scratch-wound to show the extension
of lamellipodia at the leading edge of the wound at (a) time zero, (b) one hour and (c) three hours. The black line represents the initial wound (bar 5
100 mm).
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RESULTS
HPMC (104/cm2) were plated on 35 mm dishes and
grown to confluence over five days when they adopted a
non-overlapping monolayer of flat polygonal appearance
characteristic of epithelial cells (Figs. 1 and 2). Immuno-
histochemical staining with vimentin and cytokeratin con-
firmed the homogenous nature of the cultures and the
absence of macrophages and fibroblasts (data not shown).
Time course of wound repopulation
To examine the response of mesothelial cells to mechan-
ical injury, monolayers were growth arrested in serum-free
medium and manually wounded by a single scratch along
the diameter of the culture dish with a sterile glass rod. This
procedure left an area (that is, wound) in the monolayer,
devoid of cells (Figs. 1 and 2) and any underlying extracel-
lular matrix (Fig. 5). The mean width of a series of wounds
measured from light photomicrographs at time zero was
0.58 6 0.094 mm (mean 6 SD; N 5 20). The progress of a
typical experiment over 72 hours as well the first three
hours is included in Figures 1 and 2, respectively. Initially
the cells at the wound edge rounded up but quickly
regained their epithelial-like appearance (Figs. 1b and 2b).
In serum-free conditions, two populations of HPMC based
on phase-contrast microscopy were observed. The cells
initially moved as a monolayer of flat polygonal shaped
cells towards the denuded area with those at the leading
edge having a more flattened appearance (Fig. 2 b, c).
Moreover, these cells exhibited lamellipodia (Fig. 2 b, c).
Ten hours after the initial injury some of the cells from the
leading edge detached from the advancing monolayer and
migrated independently of the wound (Fig. 1 c, d). These
‘pioneer’ cells showed a more elongated appearance com-
pared to the cells within the monolayer and appeared to
migrate in a random manner within the wounded area. The
wounded area was repopulated after 72 6 5 hours (N 5 8)
with the original morphology fully restored (Fig. 1f).
Role of proliferation in wound repair
To further investigate the response of the monolayer to
mechanical wounding we incubated the cells with BrdU and
used immunocytochemical staining to detect its incorpora-
tion into cellular DNA. Since BrdU is only introduced into
the S (synthetic) phase of the cell cycle, the method offers
an accurate estimation of cell proliferation. Figure 3A
Fig. 3. Immunostaining of human peritoneal mesothelial cells with mouse anti-bromodeoxyuridine to demonstrate the proliferative activity in cells in
response to wounding. (A) Control cells; (B) cells at the edge of the wound at six hours; (C) cells away from the wound at six hours; (D) cells in the
restored monolayer at 72 hours (bar 5 100 mm).
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demonstrates that quiescent confluent mesothelial cells
prior to injury take up little BrdU. Moreover, there was no
increased staining at the margins of the wound or within
the unaffected layer during the initial 24 hours of the
recovery of the monolayer. After this time the number of
cells staining positively for BrdU increased between two- to
Fig. 4. Staining of 3.5% paraformaldehyde fixed human peritoneal mesothelial cells with fluorescein-labeled phalloidin (panels a, e, i, m) and
monoclonal antibodies to a-actinin (b, f, j, n), vinculin (c, g, k, o) and paxillin (d, h, l, p); a-d, cells fixed prior to wounding; e-h, one hour post wounding;
i-l, 12 hours post-wounding; m-p, 72 hours post-wounding. The arrow in panels e to h indicate stress fibers and focal adhesions at the leading edge of
the wound. The arrowhead in panels i-l indicate the enhance focal adhesion components during cell migration (bar 5 30 mm).
Table 1. Percentage of cells staining positive for BrdU
Time after injury
hr
Distance away from wound edge (mm)
0–150 151–300 301–450 451–600
Pre-wounding 8.41 6 2.78 7.43 6 2.89 7.78 6 2.70 7.65 6 5.40
1.0 6.14 6 3.11 6.94 6 3.03 7.29 6 3.84 6.87 6 3.28
3.0 11.34 6 7.02 6.26 6 0.67 7.00 6 4.22 13.31 6 4.49
12.0 8.47 6 1.01 4.44 6 3.11 7.15 6 3.72 9.06 6 1.98
24.0 20.09 6 5.48 17.42 6 5.63 23.39 6 7.99 12.42 6 7.90
36.0 15.42 6 6.48 11.30 6 3.11 17.11 6 4.92 13.40 6 3.63
48.0 21.55 6 5.22 20.35 6 2.47 21.17 6 7.07 21.28 6 1.92
60.0 16.03 6 6.50 18.28 6 8.28 23.48 6 4.00 19.37 6 2.56
72.0 17.64 6 3.36 21.95 6 7.16 25.10 6 11.13 21.22 6 10.73
96.0 11.64 6 3.36 10.95 6 7.16 12.10 6 11.13 10.22 6 10.73
Data represents the average of four separate determinations.
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threefold with time (Fig. 3B and Table 1). By five days the
monolayer was re-established and the staining for BrdU
reverted back to that observed prior to wounding (Table 1).
Response of the cytoskeleton elements to injury
An early response of many cells to extracellular stimuli is
the reorganization of their actin filaments (stress fibers)
and focal adhesions. Interactions of these cellular elements
with extracellular matrix are important in defining cell
shape and cell movement [29]. To determine the response
of the cytoskeletal elements of HPMC to mechanical
wounding, the localization of F-actin (phalloidin), a-acti-
nin, vinculin, and paxillin were followed by immunofluores-
cence [30, 31]. HPMC that had reached confluence in
serum-free conditions exhibited very few stress fibers and
focal adhesions (Fig. 4 a-d). The cells, however, did show a
punctate distribution of actin (Fig. 4 a, b). This pattern of
staining resembles the pattern of actin staining reported for
serum-starved Swiss 3T3 cells [32, 33]. Within one hour of
injuring the monolayer this staining pattern for cytoskeletal
elements was considerably changed. The actin fibers be-
came organized to show a thick cable of F-actin that
appeared continuous from cell to cell along the leading
edge of the wound (Fig. 4. e, f). Vinculin and paxillin were
also prominently concentrated along the extreme edge, but
with a slightly patchy distribution rather than the unifor-
mity shown by F-actin (Fig. 4 g, h). This organization of the
cytoskeletal components appeared to be restricted to the
leading edge. Very few actin fibers were observed through-
out the cytoplasm. Vinculin and paxillin, however, were
observed in cells away from the wound edge, suggesting
that these cells formed focal adhesions or focal contacts
(Fig. 4 g, h). This pattern of immunostaining was main-
tained for up to 10 hours. In this phase of wound repair
there was no sign of actin thickening (data not shown).
Between 10 to 12 hours when individual HPMC detached
from the injured monolayer the staining pattern for phal-
loidin and a-actinin changed again. The F-actin fibers
became thicker and highly organized throughout the cell
cytoplasm (Fig. 4 i, j). In addition prominent teardrop-
shaped focal adhesions were established (Fig. 4 k, l) that
remained until the closure of the wound. As the monolayer
was re-established (t 5 72 hr), the actin filaments became
finer and were again predominantly localized at the periph-
ery of the cell (Fig. 4 m, n). At this time the staining for
vinculin and paxillin was reduced (Fig. 4 o, p). Ninety-six
hours after wounding the F-actin reverted back to a disor-
ganized form (data not shown).
Extracellular matrix in response to injury
The procedure used to wound the cells also removed the
majority of the underlying extracellular matrix (ECM; Fig. 5).
Fig. 5. Immunostaining of acetone:methanol fixed human peritoneal mesothelial cells with polyclonal antibodies to collagen IV, laminin, fibronectin
and perlecan. Fixed cells were stained (i) prior to injury (panels a-d), (ii) after 12 hours (e-h), and (iii) after wound closure (i-l). Bar 5 30 mm.
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The various proteins of the ECM have a major influence on
cell migration by virtue of their involvement in cell attachment
to, and detachment from organized matrix [34]. We therefore
investigated whether collagen type IV, laminin, fibronectin
and basement membrane heparan sulphate proteoglycan
(perlecan) were involved in the migration of the mesothelial
cells into the wound. These experiments were carried out on
cells grown and injured on cover slips in the absence of serum.
At various times after wounding the monolayer, the coverslips
were fixed and extracellular matrix proteins visualized by
immunohistochemistry. Figure 5 shows the results of these
experiments before injury (Fig. 5 a-d), 12 hours after injury
(Fig. 5 e-h) and after 72 hours (Fig. 5 i-l). While no staining
was observed in areas devoid of cells, the cells in or entering
the wound stained positively for each matrix protein exam-
ined. After 72 hours, at which time the wound had fully
repopulated, a well defined matrix made up of collagen type
IV, laminin, fibronectin and perlecan was evident in the area
making up the wound (Fig. 5. a-l). These experiments indicate
that the cells migrating into the wound were also accompanied
by the de novo synthesis of a number of different matrix
components. Inspection of the immunohistochemical staining
after wound closure showed no signs of excess matrix depo-
sition in the repopulated area. Staining for collagens I, III and
V also showed similar patterns as those described above (data
not shown).
Effects of serum and dialysis fluid on wound
repopulation
In the peritoneum the mesothelium is exposed to many
of the components of serum. Since the results from the
above experiments were undertaken in serum-free medium
the response of wounded cells to FCS, heat-inactivated
human serum, as well as a pooled preparation of undiluted
spent non-infected dialysis fluid was investigated. There
was a dose-dependent effect of FCS on the kinetics of
wound re-population. Maximum rate of wound closure
occurred at 10% FCS (Fig. 6) and was not increased in the
presence of 20% (data not shown). Human serum (10%
vol/vol) was as effective as FCS. Non-infected peritoneal
fluid also enhanced the migration of the cells into the
wound at a similar rate to that achieved with 5% FCS.
DISCUSSION
There is accumulating evidence that the human perito-
neal mesothelium is damaged or injured during CAPD as
the result of persistent infection or the prolonged exposure
to dialysis fluids. The present study has described a simple
and reproducible model with which to investigate the
response of HPMC to injury. The model consists of a
monolayer of HPMC that is mechanically wounded. Re-
population of the wound can then be followed temporally
by time-lapse photomicroscopy, and planimetry. Since the
basic experimental conditions employed a homogenous
population of cells devoid of macrophages or fibroblasts
and was undertaken in conditions lacking serum, the model
provides information on the direct response of HPMC to
injury.
The healing of the human mesothelium after denudation
in vivo is believed to involve mesothelial cells advancing
centripetally from the wound margin [35]. Since re-epithe-
lization is rapid, and the closure time independent of the
initial area affected, it has been argued that other mecha-
nisms must be involved [36–38]. Thus, in addition to
migration three other proposals for the origin of the newly
formed mesothelium have been suggested. The first is that
peritoneal mesothelial cells exfoliate from the intact peri-
toneum, adhere to the injured area and proliferate to form
Fig. 6. Effects of fetal calf serum (FCS;
0 to 10%), heat-inactivated human serum
and a pooled non-infected dialysate
(N 5 6) from patients receiving CAPD, on
the rate of migration of human peritoneal
mesothelial cells after wounding.
Experiments were performed in triplicate
using cells derived from omentum obtained
from four different patients. Results are
expressed as mean 6 SD (N 5 4).
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a new mesothelial layer [39–41]. This has been questioned
by Raftery [42, 43], who found very little evidence for free
mesothelial cells in the peritoneum in an experimental
model of peritoneal wounding, and furthermore indicated
that those cells present were either injured or dying. The
second proposal is that the regeneration of the mesothelial
surface involves the differentiation of the macrophages or
histiocytes into mesothelial cells at the site of the wound
[44]. Evidence for this is based on the morphological
characteristics of the cellular content and the cytochemical
staining of lysosomal acid hydrolases. It requires confirma-
tion using the many specific cell surface markers now
available for the positive identification of macrophages and
their distinction from mesenchymal cells. Clearly, macro-
phages are involved in tissue repair, but this is probably
through their ability to release cytokines and proteolytic
enzymes that facilitate tissue remodeling [45]. The third
proposal is that new mesothelium arises as the result of
metaplasia of fibroblasts present in submesothelial tissue
bordering the wound [43, 46, 47].
The present study demonstrates that the repair of a
mesothelial wound in vitro is complete after approximately
72 hours and that the process can take place in the absence
of serum or added cytokines. This also occurred in the
absence of proliferation at the leading edge, since the
immunocytochemical studies with BrdU did not reveal a
change in the proportion of cells synthesizing DNA at
either the wound edge or in the unaffected cells at any one
time over and above controls. The closure of the wound is
the result of cell migration but the process is accompanied
by an overall increase in proliferation. These proliferating
cells are distributed evenly through the wound model. This
conclusion is in agreement with the general response of
other epithelial cells to injury in vitro [24, 48–50]. Thus, the
results of this study give some support to one of the
proposals advanced for peritoneal repair in vivo. Further-
more, since our studies were undertaken with a homoge-
neous population of HPMC, the results also demonstrate
that other cell-types need not necessarily be involved in
mesothelial wound healing, although their involvement is
not excluded.
The scrape-wounding of a defined area of the mesothe-
lial monolayer also removed the underlying extracellular
matrix. Since cell migration depends on adhesion of cells to
their substratum via cell surface receptors, the repopulation
requires the cells to deposit additional matrix proteins. By
12 hours there was a clear appearance of new matrix
associated with the migrating cells, suggesting that these
cells actively lay down their own matrix. It is likely that they
express appropriate adherence molecules to achieve suffi-
cient traction for cell movement. Under the conditions of
the experiment it was not possible to ascertain from the
immunohistochemical staining if matrix synthesis was con-
fined to migrating cells alone, or if the wounding also
initiated de novo synthesis by cells at or away from the
wound. Furthermore, we do not have any information on
the kinetics of the synthesis of the different ECM proteins
by the cells in response to mechanical injury. The finding
that fibronectin is one of the matrix proteins synthesized is
likely to be important, since this glycoprotein has multiple
functions in wound healing in vivo and in vitro, and also
plays a critical role in cell adhesion and movement [51, 52].
In addition fibronectin promotes the reorganization of
stress fibers and focal adhesions [53].
The study also shows that scrape wounding of confluent
HPMC in the absence of serum initiates a number of other
events, including the organization of stress fibers within the
cells and the development of focal adhesions. This is
accompanied by cell migration, which ultimately brings
about the closure of the denuded area. These observations
therefore raise questions about the nature of the stimulus
or cellular signals associated with the repair process. They
also raise the question of how the cells at the leading edge
communicate with cells distant from the wound to initiate
proliferation. The growth and migration of mammalian
cells is tightly regulated by both growth inhibitory and
stimulatory signals. Thus, one of the consequences of
mechanical injury could be the loss of inhibitory signals
mediated by the removal or modification of cell surface
proteins such as contactinhibin [54, 55] or cell surface
heparan sulphate glycosaminoglycans, which are known to
modulate the biological activity of many different growth
factors [56, 57]. A more likely effect of injury is the release
of agents that invoke a positive signal, which in turn
initiates events that lead to either cell migration and cell
proliferation. Recent studies with mammary epithelial and
arterial endothelial cells showed an immediate but tran-
sient elevation in intracellular calcium ([Ca21]i) metabo-
lism upon mechanical injury [22]. Interestingly, the Ca21
response was not limited to the cells at the wound edge, but
extended into the monolayer for a distance up to 12 cells,
indicating the response was caused by the release of a
soluble factor that diffused from the wound and acted via
cell surface receptors. The nature of the released factor was
not investigated, but one can speculate on the release of
growth factors or nucleotides. Thus, from similar wound
healing studies membrane disruption initiates the release
of growth factors such as FGF, TGF-b, and EGF that act in
an autocrine fashion to effect re-epithelialization of the
wound [49]. In addition injured cells release adenosine
nucleotides that in turn stimulate repair by promoting
migration of the unaffected cells into the denuded area
[24]. Other molecules identified in the early stages of injury
in vitro include the receptor for hyaluronan-mediated mo-
tility, referred to as RHAMM [21], matrix metalloprotein-
ases [25, 58], hepatocyte growth factor [59], and platelet-
derived growth factor (PDGF).
The movement of cells requires the reorganization of the
cytoskeleton, the assembly of focal adhesions and the
isoforms of integrins. Our studies clearly demonstrate that
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in response to scrape wounding of mesothelial cells actin is
polymerized and assembled into stress fibers. Simulta-
neously there is an increase in the staining of vinculin and
paxillin suggesting that new focal adhesions or focal con-
tacts are formed. However, whether these component
proteins of focal adhesions are associated with the end of
actin stress fibers requires further investigation. The for-
mation of cytoskeleton elements are regulated by the
GTP-binding proteins that belong to the rho-subfamily,
members of the Ras superfamily of small GTPases [re-
viewed in 30]. When serum-starved fibroblasts, which have
very few stress fibers and associated focal adhesions, are
treated with FCS or lysophosphatidic acid (LPA), a con-
stituent of serum, stress fibers and aggregation of vinculin
and talin into focal adhesion are induced within two
minutes [27, 32]. PDGF, EGF and insulin also induce a
similar effect but over a longer time period of 5 to 10
minutes. To explain this time delay, Ridley and Hall argued
that serum and LPA directly stimulate the rho-dependent
signaling pathway, whereas PDGF, EGF and insulin, ini-
tially activate rac, which in turn stimulates membrane
ruffling formation and rho activation [27, 32]. The peptides
TGF-b, TNF-a and prothrombin do not directly induce any
detectable changes in actin filaments. These findings give a
clue as to a possible mechanism to explain the response of
HPMC to injury. In preliminary experiments we have also
observed that LPA induced the rapid assembly of actin
stress fibers and the clustering of vinculin and paxillin to
form focal adhesions in cultured HPMC (data not shown).
In the current experiments we showed that scratch injury to
HPMC is also accompanied by reorganization of stress
fibers and the appearance of focal contacts, but that this
response was relatively slow. These results argue against
LPA as a possible factor to explain the response of HPMC
to mechanical injury. A role for LPA, however, could be
important in the response of the mesothelium to injury in
vivo, since our results show that non-infected peritoneal
fluid, like serum, increases the rate of wound healing. LPA
is an abundant constituent of serum and therefore a likely
constituent of spent dialysis fluid. In addition, LPA can be
produced through extracellular phospholipase A2 acting on
microvesicles shed from cells [60]. Experiments to further
investigate a possible involvement of LPA cytokines or
growth factors in our model are in progress.
In conclusion, we have shown that HPMC in serum-free
culture conditions can be used as a model to follow the
response of these cells to injury. The finding that the
recovery from injury is influenced by serum and peritoneal
fluid from patients on CAPD indicates a potential clinical
importance for the model. The model, however, has a
number of limitations that need to be addressed in future
experiments aimed at understanding the response of the
peritoneum to the toxic effect of dialysis fluids or peritoni-
tis. In particular, there is need to consider that the perito-
neum also consists of a cellular basement membrane and an
interstitial matrix in addition to HPMC. In vivo it is not
clear whether denudation of the peritoneum is also accom-
panied by loss of or damage to the underlying basement
membrane and the effect this would have on the repair
process. Thus, future experiments will be designed to
investigate the effect of both types of extracellular matrix
on the response of the HPMC to injury.
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APPENDIX
Abbreviations used in this article are: BrdU, bromodeoxyuridine;
[Ca21]i, intracellular calcium; ECM, extracellular matrix; EGF, epidermal
growth factor; FCS, fetal calf serum; GTP, guanosine 59-triphosphate;
HPMC, human peritoneal mesothelial cells; HS, human serum; IL,
interleukin; LPA, lysophosphatidic acid; PDGF, platelet-derived growth
factor; PG, prostaglandin; RHAMM, receptor for hyaluronan-mediated
motility; TBS, Tris buffered saline; TGF-b, transforming growth factor
beta.
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